Abnormal involuntary movements This review summarizes significant studies of L-DOPA-induced dyskinesia in patients and animal models, and outlines directions for future experiments addressing mechanisms of presynaptic plasticity. These investigations may uncover clues to the varying susceptibility to L-DOPA-induced dyskinesia among PD patients, paving the way for tailor-made treatments.
Parkinson's disease (PD) is the second most common neurodegenerative disorder and affects 2% of the population over the age of 60 years (for review see Mayeux 2003; Gasser 2005) .
Although it has become increasingly clear that PD is a multisystem synucleinopathy (Braak et al. 2004) , severe degeneration of nigrostriatal dopamine (DA) neurons is the pathological feature causing the typical parkinsonian motor syndrome (akinesia, rigidity, tremor, postural imbalance) that leads to diagnosis and treatment (for review see Fahn 2003) . The DA precursor, L-DOPA produces a mild to dramatic reduction in all the symtoms and signs of parkisonism. However, the vast majority of responding patients eventually develop dyskinesia and motor fluctuations (for a recent review see Obeso et al. 2004; Olanow et al. 2004b ). Dyskinesia (abnormal involuntary movements) is the earliest and most common isolated complication produced by L-DOPA (Rajput et al. 2002; Mazzella et al. 2005) . A review of the cumulative literature shows that approximately 30% of PD patients experience dyskinesia after 4-6 years of L-DOPA treatment, and close to 90% of the patients suffer from this complication after 9 years (Ahlskog and Muenter 2001) . L-DOPA-induced dyskinesia most typically presents with an idiosyncratic mixture of choreiform and dystonic movements that are most severe 40-80 minutes after a dose administration of L-DOPA (termed "on" or "peak-dose" dyskinesia, for review see (Nutt 1992; Fahn 2000) . Clinical epidemiological studies have been concordant in identifying some prominent risk factors for dyskinesia, namely, young age at PD onset, disease severity and duration, higher initial L-DOPA dose and duration of L-DOPA treatment (Peppe et al. 1993; Blanchet et al. 1996; Grandas et al. 1999; Schrag and Quinn 2000) . Some of these factors, i.e. PD severity and duration are directly related to the extent of striatal dopamine (DA) depletion (Seibyl et al. 1995; Morrish et al. 1996) , while other factors, i.e, L-DOPA dose and treatment duration, reflect some action of L-DOPA in the brain. The interaction between DA denervation and L-DOPAtreatment is difficult to examine in PD patients, where pathological processes and medication regimens show large variation both between individuals and between different stages of the disease. By contrast, animal models of L-DOPA-induced dyskinesia allow for dissecting the impact of specific aetiopathogenic elements under strictly controlled conditions.
In both nonhuman primate and rodent species, models of L-DOPA-induced dyskinesia are produced by first injuring the nigrostriatal DA projection, and then administering L-DOPA once or twice a day for a couple of weeks (Cenci et al. 1998; Pearce et al. 1998; Di Monte et al. 2000; Lundblad et al. 2002; Lundblad et al. 2004 ) to months (Lee et al. 2000; Bezard et al. 2003) . In these animal models, abnormal involuntary movements (AIMs) are seen for two-three hours after drug administration, thus reproducing the peak-dose variant of L-DOPA-induced dyskinesia. Studies in animals allow us to clearly distinguish two aspects in the dyskinetic action of L-DOPA. One aspect is the acute effect of single L-DOPA doses on the physical expression of dyskinesia. As illustrated in Fig. 1, a nigrostriatal DA lesion dramatically lowers the threshold dose of L-DOPA that can acutely induce dyskinesia (Jenner 2000; Lundblad et al. 2004) . The other aspect is a long-term effect of the treatment, which accounts for an increasing incidence and severity of dyskinesia with repeated administration of L-DOPA (see e.g. Lundblad et al. 2002; Winkler et al. 2002) . This effect may also account for a further reduction in the dyskinetic threshold dose of L-DOPA during a course of drug treatment (Fig. 1) . The long-term effect of L-DOPA is indicative of maladaptive plastic changes that occur in the brain, and is often referred to as the "priming" effect of L-DOPA (Brotchie 2005) . Indeed, an animal that has been primed to respond to a dose of L-DOPA with AIMs will continue to exhibit this dyskinetic response even after long periods of treatment discontinuation. In summary, dyskinesia can be elicited by acute L-DOPA administration provided that the drug dose is sufficiently high and/or that the nigrostriatal DA pathway is severely damaged. However, repeated administration of L-DOPA will result in (i) a reduction of the dyskinesia-threshold dose, and (ii) a progressive aggravation and (iii) an increasing incidence of dyskinesia with the same drug dose. Chronic dyskinesiogenic treatment with L-DOPA will also establish a persistent predisposition to dyskinesia, which is seen as a prompt re-appearance of abnormal movements in response to a dose of L-DOPA even after long periods of treatment discontinuation. All these effects of the chronic drug treatment reflect maladaptive plastic changes in the brain. In the following, we shall discuss plastic changes of pathophysiological importance to dyskinesia that follow either nigrostriatal DA degeneration ("lesion") or L-DOPA treatment.
Lesion-induced plasticity
In human PD, clinical symptoms appear only after the loss of at least 50-60% nigral DA neurons and 70-80% DA content in the striatum (Marsden 1990; Fearnley and Lees 1991) , implying that the nigrostriatal system has a remarkable capacity for functional compensation after partial damage. Studies in rats with 6-OHDA lesions have indeed shown that incomplete lesions mobilize a variety of homeostatic responses in the surviving DA neurons, including increased DA synthesis and release, a reduced rate of DA inactivation (for review see Zigmond et al. 1990 ) and vigorous axonal sprouting in the terminal arbours (Finkelstein et al. 2000; Stanic et al. 2003) , which would normally be inhibited by a tonic stimulation of D2 autoreceptors (Parish et al. 2002) . In 6-OHDA lesioned rats, the homeostatic capacity of the 4 nigrostriatal DA system is overcome when > 70% of nigral DA neurons are lost (Finkelstein et al. 2000; Stanic et al. 2003) , at which point profound molecular, neurochemical and behavioural derangements will start to appear. Importantly, severe DA denervation alters the routes of L-DOPA uptake and metabolism in the brain. When the dopaminergic system is intact ( Fig. 2; top panel) , the processing of exogenous L-DOPA occurs primarily in nigrostriatal neurons, where L-DOPA is converted to dopamine (DA) by aromatic L-amino acid decarboxylase (AADC), loaded into synaptic vesicles by vesicular monoamine transporter-2 (VMAT-2) (Nirenberg et al. 1995; Erickson et al. 1996) , and released by physiological stimuli into the extracellular space. Clearance of DA from the extracellular space is ensured by the dopamine transporter (DAT), a highly efficient presynaptic reuptake mechanism present on the plasma membrane of nigrostriatal neurons (Miller and Abercrombie 1999; Raevskii et al. 2002) . After (or even before) its reuptake, free cytosolic DA is subject to enzymatic break-down by monoamine oxidase (MAO) and catechol-Omethyl transferase (COMT). There exist other possible routes of cellular uptake and metabolism of L-DOPA in the brain, which increase in importance after a lesion of the nigrostriatal pathway (Fig. 2, lower panel) . Serotonergic projections from the midbrain raphe nuclei to the striatum play a central role in the conversion of L-DOPA to DA in animals with 6-OHDA lesions (Arai et al. 1995; Tanaka et al. 1999) . The importance of this route is even more pronounced in lesion models where DA denervation is accompanied by serotonergic hyperinnervation in the striatum (Guerra et al. 1997; Maeda et al. 2005) . The presence of AADC (Arai et al. 1995) as well as VMAT-2 in serotonergic fibers allows them to convert L-DOPA to DA, and to store DA in synaptic vesicles (along with serotonin), respectively. Vesicle storage would protect newly formed DA from breakdown by MAO and COMT enzymes, both of which are present in these cells. Impulse-dependent DA release from serotonergic terminals has been suggested to occur in the striatum (Miller and Abercrombie 1999; Tanaka et al. 1999 ) but the physiological importance of this phenomenon remains to be elucidated. In addition to serotonergic neurons, other cellular elements, both neuronal and non-neuronal (e.g. astrocytes), are capable of decarboxylating L-DOPA to DA (Melamed et al. 1980; Sarre et al. 1994; Brown et al. 1999) . Several studies have shown evidence of intrinsic striatal dopaminergic cells which express AADC, DAT and TH immunoreactivity in PD patients (Porritt et al. 2000) , primate models (Betarbet et al. 1997) and rat models (Lopez-Real et al. 2003 ) of PD. In some studies these cells have been shown to express GAD 67 and to be morphologically similar to GABAergic interneurons (Betarbet et al. 1997) . It has also been suggested that these neurons are newborn cells developed from neuronal progenitors (Porritt et al. 2000) . The functional importance of these cells is however unclear, and their number is very low.
Cells and axon terminals that can convert L-DOPA to DA, but lack vesicular storage and/or high affinity reuptake capacity for DA, will provide a source of unregulated DA efflux into the extracellular space. Accordingly, studies in animal models of PD have shown that the brain´s capacity for storage and clearance of exogenously derived DA is greatly impaired after a severe nigrostriatal lesion, resulting in abnormally large increases in extracellular DA following peripheral administration of L-DOPA . A reduced capacity for MAO-A-mediated DA catabolism may also contribute to large increases in extracellular DA in the DA-denervated striatum (Wachtel and Abercrombie 1994) . In turn, large fluctuations in extracellular DA levels are bound to elicit aberrant post-synaptic responses in dopaminoceptive neurons (Chase 1998) .
Clinical correlates: the presynaptic storage hypothesis
Studies performed at the end of the eighties provided the first compelling demonstration that the response to L-DOPA changes with the progression of PD. By performing i.v. injections of L-DOPA in patients at different disease stages, Mouradian and colleagues (Mouradian et al. 1988; Mouradian et al. 1989) proved that the dyskinetic threshold dose of L-DOPA was significantly lower in advanced PD patients experiencing motor fluctuations compared to stable L-DOPA-responders. As a matter of fact, the therapeutic window of L-DOPA was lost in advanced PD, and the patients showed dyskinesia already at the lowest drug doses relieving their parkinsonian motor features. The difference between early and advanced PD was attributed to the progressive degeneration of nigrostriatal DA neurons, reducing the brain´s capacity to take up L-DOPA, decarboxylate it to DA, store DA in vesicles, and gradually release it, as explained above. When DA storage capacity is compromised, the motor response to L-DOPA would be conceivably dictated by the bioavailability of this amino acid in the brain extracellular fluid, which changes over the time in relation to the drug dosing cycle (reviewed in Metman et al. 2000) . The "presynaptic storage hypothesis" thus provided a first-level explanation for the occurrence of both motor fluctuations and dyskinesia, the latter being attributed to a periodic high-intensity stimulation of brain DA receptors . The hypothesis was backed by reports that a continuous i.v.
infusion of L-DOPA over 24 hours produced a stable motor improvement with only mild dyskinesia in PD patients affected by motor response complications (Mouradian et al. 1987 ), Moreover, positron emission tomography (PET) studies had shown that the retention of 18 F-6 labeled fluorodopa was reduced in the striata of fluctuating PD patients compared to stable L-DOPA responders, compatible with the hypothesis of a more severe impairment in DA storage capacity in the former group (Leenders et al. 1986 ). Accurate pharmacodynamic analyses in larger groups of patients revealed, however, that the presynaptic storage hypothesis could not alone account for the profound differences in motor response between early and advanced PD Nutt and Holford 1996; Nutt et al. 1997 ). Moreover, it was found that also the pharmacodynamic profile of DA agonists changed during PD progression. Several studies reported that the response duration to apomorphine shortened, and its therapeutic window narrowed, in advanced parkinsonians compared to L-DOPA-naive patients (Bravi et al. 1994; Verhagen Metman et al. 1997) . Since apomorphine does not require metabolic processing and storage in nigrostriatal DA neurons, these findings were interpreted as indicating that postsynaptic alterations account for the appearance of response complications to L-DOPA. The attention of basic investigators was thus shifted from pre-to post-synaptic factors in the search for the causal determinants of dyskinesia.
L-DOPA-induced plasticity: post-synaptic changes
Rats with unilateral 6-OHDA lesions have been instrumental for studying L-DOPA-induced plasticity at multiple levels using a variety of approaches. A body of data from this animal model point to a close relationship between dyskinesia and plastic changes in dopaminoceptive striatal neurons produced by L-DOPA. In rodents with nearly complete nigrostriatal degeneration, the abnormal involuntary movements (AIMs) induced by chronic L-DOPA treatment are much more tightly correlated with changes in gene expression in striatal neurons than with markers of presynaptic DA denervation, such as residual numbers of midbrain DA neurons or striatal density of DA fibers (Lee et al. 2000; Cenci 2002; Winkler et al. 2002) . Among the post-synaptic changes so far examined, the striatal expression of prodynorphin (preproenkephalin-B) mRNA and FosB/∆FosB-related transcription factors has shown a particularly strong positive correlation with the severity of L-DOPA-induced dyskinesia (Cenci et al. 1998; Andersson et al. 1999; Winkler et al. 2002; Lundblad et al. 2004 , Sgambato-Faure et al. 2005 Pavon et al. 2006 ). These two markers are persistently upregulated for weeks after discontinuing L-DOPA treatment (Andersson et al. 2003 ). In the dyskinetic striatum, FosB/∆FosB-like transcription factors account for a pronounced increase in protein-DNA binding activities at both activator protein-1 (AP-1) enhancers and cAMP response elements (CRE) (Andersson et al. 2001) . These transcription factors have been implicated in the dyskinesia priming process by studies using antisense 7 oligonucleotides against fosB/∆fosB mRNA (Crocker et al. 1998; Andersson et al. 1999 ). In one study, intrastriatal knockdown of fosB/∆fosB was found to inhibit both the upregulation of prodynorphin gene expression and the gradual increase in dyskinesia severity during a course of chronic L-DOPA treatment (Andersson et al. 1999 ). The intracellular process responsible for the observed upregulation of FosB/∆FosB transcription factors (and, secundarily, prodynorphin mRNA) in DA-denervated striatal neurons is poorly understood, but different lines of evidence implicate an overactive signaling through D1 receptors. The striatal expression of D1 receptor mRNA is upregulated in L-DOPA-treated dyskinetic rats (Konradi et al. 2004) , and the striatum-specific signalling protein, DARPP-32 is highly phosphorylated on threonine 34 (Picconi et al. 2003) , which is expected to amplify D1-dependent signal transduction through inhibition of intracellular phosphatases (Greengard et al. 1998) . Importantly, D1 receptor-dependent G-protein activation has been found to be greatly enhanced in striatal neurons in a non-human primate model of L-DOPA-induced dyskinesia (Aubert et al. 2005) , suggesting that the overactivity of D1-dependent signalling in dyskinesia begins with an increased coupling of D1 receptors to their transducing G proteins.
In DA-denervated striatal neurons, D1-receptor stimulation is followed by a large activation of extracellular signal-regulated kinases 1 and 2 (ERK1/2) (Gerfen et al. 2002) . These kinases can bring about changes in gene expression via phosphorylation of nuclear transcription factors, such as CREB and Elk-1 (Sgambato et al. 1998) (Fig. 3) . The striatal activation of ERK1/2, and the upregulation of FosB/∆FosB and prodynorphin are totally prevented when L-DOPA is coadministered with a selective D1 receptor antagonist (St-Hilaire et al. 2005; Westin et al. 2006a ). The same coadministration regimen does also block the development of abnormal involuntary movements during the course of L-DOPA treatment (Westin et al. 2006a ), further implicating a close association between the priming for dyskinesia by L-DOPA and aberrant D1-dependent molecular plasticity in the striatum.
In addition to altering gene expression in striatal neurons, an enhancement of D1-dependent signalling is bound to affect the strength of glutamatergic corticostriatal synapses. These synapses undergo activity-dependent changes, which are pivotal to the learning and storage of both adaptive and maladaptive behaviours (for review see Calabresi et al. 1996; Gerdeman et al. 2003a) , including dyskinesia (Chase and Oh 2000; Picconi et al. 2003) . There is a juxtaposition between corticostriatal and nigrostriatal terminals on dendritic spines (Fig. 3) , and D1 and NMDA receptors can bind to each other within the post-synaptic density of striatal neurons (Lee 2002; Fiorentini et al. 2003) . This physical proximity allows for a tight 8 functional interaction between glutamatergic and dopaminergic inputs in modulating the plasticity of corticostriatal transmission (Graybiel 1995; Reynolds et al. 2001 ). In particular, activity-dependent long-term potentiation (LTP) of corticostriatal synapses requires concomitant activation of NMDA and D1 receptors (Partridge et al. 2000; Kerr and Wickens 2001) , while it is antagonized by D2 receptor-stimulation (Calabresi et al. 1997) . A synergistic interaction between D1 and NMDA receptors is supported by a body of studies performed in cultured striatal neurons or slices, which have identified several possible mechanisms of NMDA receptor potentiation following D1 receptor stimulation, such as protein kinase A (PKA) dependent-phosphorylation of NMDA subunits (Leveque et al. 2000) , enhancement of L-type calcium currents (Cepeda et al. 1998; Nicola et al. 2000) , and increased surface expression of the NR2B subunit (Hallett et al. 2006) . Given the requirement for D1 receptor stimulation in corticostriatal LTP, it is not surprising that this form of synaptic potentiation is abrogated by a severe lesion of the nigrostriatal pathway (Centonze et al. 1999) . Treatment with L-DOPA restores corticostriatal LTP, but animals that develop dyskinesia during the treatment show a synaptic abnormality consisting in a loss of LTPreversal upon low-frequency stimulation of cortical afferents (Picconi et al. 2003) . It is tempting to speculate that this abnormal, irreversible potentiation of corticostriatal synapses may contribute to dyskinesia by disrupting the ability of striatal neurons to discriminate between relevant and irrelevant cortical commands during the neural coding of motor sequences.
The precise molecular abnormalities disrupting corticostriatal plasticity in dyskinesia
are not yet understood, but substantial information is already available regarding the effects of L-DOPA treatment on the expression, phosphorylation state, intracellular trafficking, and protein associations of NMDA-receptor subunits in striatal neurons ( homogenates from L-DOPA-treated dyskinetic rats (Fiorentini et al. 2006; Gardoni et al. 2006) . Intrastriatal delivery of a cell-permeable peptide, which disrupted the interaction between NR2B and its anchoring proteins, conferred susceptibility to L-DOPA-induced
AIMs to rats previously classified as non-dyskinetic (Gardoni et al. 2006 ). These results suggest that a relative redistribution of the NR2B subunit from synaptic to extrasynaptic membranes favours the appearance of dyskinesia, although the mechanisms through which this occurs remain unknown. In addition to reduced levels of NR2B, Fiorentini et al, (2006) found a relative depletion of the NMDA subunit, NR1, and of D1 receptors in a striatal postsynaptic density fraction from dyskinetic rats. Levels of the same receptor proteins were not reduced in total membrane fractions, again pointing to a perturbation of receptor trafficking (as opposed to overall receptor expression) as the core alteration in dyskinetic rats. Further work is needed to clarify the functional significance of an altered subcellular trafficking of D1 and NMDA-receptors in L-DOPA-induced dyskinesia. A relative redistribution of receptor proteins between different membrane compartments is bound to affect, on one hand, the sensitivity of the receptors for their endogenous ligands and, on the other hand, the downstream signalling events. For example, Gardoni et al, (2006) have suggested that an increased extrasynaptic expression of NR2B may cause a reduced capacity for (glutamatedependent) CREB activation in striatal neurons (but see Oh et al. 2003) . In future studies, it will also be important to examine the impact of DA denervation and L-DOPA treatment on the distribution and phosphorylation of AMPA receptors, which play an essential role in synaptic plasticity (Hayashi et al. 2000; Thomas et al. 2001; Moult et al. 2006 ) and provide a possible target for antidyskinetic treatments . Whereas synaptic and molecular rearrangements associated with dyskinesia have been relatively well studied in the striatum, plastic adaptations occurring in other parts of the cortico-basal ganglionic circuitry have been poorly explored, but are likely to play an important role (Soghomonian 2006 ) and deserve thorough investigation. Finally, the generality of findings from 6-OHDA lesioned rats should be verified in nonhuman primate models of L-DOPA-induced dyskinesia.
L-DOPA-induced presynaptic plasticity?
Although large attention has been devoted to striatal synapses and genes, recent studies indicate that L-DOPA-induced plasticity may also affect mechanisms of L-DOPA or DA uptake, conversion, and metabolism in the brain (summarized in Fig. 2 ). Using the 6-OHDA lesion model of PD, Meissner et al. (Meissner et al. 2006) found that the surge in striatal extracellular DA levels elicited by a peripheral dose of L-DOPA is heavily conditioned by a prior course of L-DOPA treatment. After an i.p. injection of L-DOPA, striatal DA levels were increased in both L-DOPA-primed and non-primed animals, but to a much larger level in the former compared to the latter groups. Moreover, the larger increase in extracellular DA levels in dyskinetic rats was not matched by a proportional increase in the production of the DA metabolites, DOPAC and HVA. Thus, after a challenge injection of L-DOPA, an index of DA turnover (i.e. the ratio, DA metabolites/DA) was significantly elevated in drug-naive animals but not in previously L-DOPA-treated, dyskinetic rats. Taken together, these data strongly indicate that treatment with L-DOPA alters the regulation of DA release (or uptake) and DA metabolism in the striatum. In agreement with Meissner and colleagues, Ahn et al. (Ahn et al. 2004) found that an i.p. injection of L-DOPA produced a much larger increase in striatal DA levels in 6-OHDA-lesioned rats rendered dyskinetic by a prior course of L-DOPA treatment compared to non-dyskinetic animals. Interestingly, Ahn et al. (Ahn et al. 2004) could identify one key mechanism for the large DA surge occurring in dyskinetic rats, namely, a reversal of DAT function. Indeed, the L-DOPA-induced increase in extracellular DA was blocked by intrastriatal infusion of a DAT inhibitor (Ahn et al. 2004 ). In addition to DAT dysfunction, larger increases in extracellular DA post-drug injection may also reflect higher striatal levels of L-DOPA. In our laboratory, we have found that the concentrations of L-DOPA in the brain extracellular fluid are higher in dyskinetic rats compared to nondyskinetic cases after a peripheral drug dose, although plasma L-DOPA levels do not differ between these two conditions (Carta et al. 2006 ). In our study, the temporal rise and decline of striatal L-DOPA levels in dyskinetic rats matched closely the time course of the L-DOPAinduced AIMs (Carta et al. 2006) . Moreover, when L-DOPA was directly infused in the striatum, even non-dyskinetic rats exhibited AIMs in a concentration-dependent fashion.
These data indicate that the amount of L-DOPA present in the striatal extracellular fluid determines the acute expression of dyskinesia and its severity, at least in this rat model.
Further studies will be required to assess the generality of these findings, and to determine whether a higher central bioavailability of L-DOPA in dyskinetic animals reflects treatmentrelated adaptations versus individual features that are pre-existent to treatment (the latter question will have to be addressed with techniques that allow for a longitudinal monitoring of the same animal during chronic L-DOPA treatment). Nevertheless, the above studies collectively provide evidence of presynaptic plasticity in L-DOPA-induced dyskinesia.
Intriguingly, these studies also raise the possibility that individual differences in the susceptibility to dyskinesia may reflect a variation in the magnitude and kinetics of central changes in L-DOPA and DA levels following peripheral drug administration. Such a hypothesis is quite compatible with recent PET studies in PD patients, which indicate that rapid fluctuations in central DA levels are at the heart of both motor fluctuations and dyskinesia (de la Fuente-Fernandez et al. 2004a; de la Fuente-Fernandez et al. 2004b ). These studies are discussed in detail below.
Presynaptic alterations in dyskinetic patients and their therapeutic implications
The dynamics of striatal DA release following peripheral L-DOPA administration has been examined in PD patients by PET using the reversible D2 receptor ligand, The pathophysiological importance of central pharmacokinetic mechanisms is further supported by the observation that the incidence of dyskinesia is lower in patients on treatment with direct DA agonists instead of L-DOPA (Rinne et al. 1998; Rascol et al. 2000) .
Differently from L-DOPA, the DA agonists have a long half-life, which prevents the occurrence of rapid and transient fluctuations in central levels of DA receptor occupancy.
Unfortunately, these drugs do not provide an alternative to L-DOPA in the more advanced stages of PD, as they are less effective than the DA precursor in ameliorating PD motor symptoms. New treatment strategies are thus being devised to optimize methods of L-DOPA delivery (for review see Nyholm and Aquilonius 2004) or to reduce the need for L-DOPA using surgical approaches (Kuan and Barker 2005; Metman and O'Leary 2005) . At the basic experimental level, very promising results have been recently obtained in the field of gene therapy. In rats with 6-OHDA lesions, dyskinesia and motor fluctuations can be prevented or reversed by viral vector-mediated delivery of genes achieving either a continuous L-DOPA production (Carlsson et al. 2005) or a restoration of DA storage capacity (Lee et al. 2006 ) in the striatum.
Presynaptic plasticity in L-DOPA-induced dyskinesia: directions for future studies
As reviewed above, both clinical and experimental studies have now established that the concentrations and temporal changes of L-DOPA/DA in the brain extracellular fluid are critical to the occurrence of dyskinesia, and that these parameters may show variation. Interindividual variation is seen also in animal models where the extent of DA denervation is strictly controlled, similar among subjects, and stable during the course of L-DOPA treatment. Further studies are now needed to identify factors other than the extent of DA denervation, which may influence the kinetics of L-DOPA uptake, DA release and metabolism. L-DOPA enters the brain via endothelial carrier proteins (Pardridge and Oldendorf 1975; Wade and Katzman 1975) , and its uptake by neurons and other cells is also dependent on carrier-mediated transport at the plasma membrane. The transport and uptake of L-DOPA may thus be affected by genetic variation in the activity of these specific carrier systems, a variation that would be pre-existent to L-DOPA treatment and even to PD itself.
However, variation may also occur within the same individual over the time because of treatment-related plasticity. Potentially, each of the routes for L-DOPA uptake and conversion, and/or DA re-uptake and metabolism, which are itemized in Fig. 2 , can undergo changes that affect their efficiency. Plasticity at sites post-synaptic to the nigrostriatal DA neuron may in fact modify crucial presynaptic processes that affect the handling of exogenous L-DOPA and DA in the brain. Many possibilities are at hand. For example, postsynaptic changes that cause increased glutamate transmission (Picconi et al. 2003; Robelet et al. 2004 ) and altered ion homeostasis in the striatum (Konradi et al. 2004 ) are likely to have a profound impact on the function of the DAT (Lonart and Zigmond 1991; Ahn et al. 2004 ).
Moreover, structural and functional changes may affect tissue compartments that are involved in the transport, uptake and/or conversion of exogenous L-DOPA. For example, novel evidence indicates that L-DOPA-induced dyskinesia is associated with endothelial proliferation, angiogenesis and increased blood-brain barrier permeability in the basal ganglia nuclei (Westin et al. 2006b ) and future studies will have to determine whether this phenomenon modifies the kinetics of L-DOPA entry from blood to brain. Further studies are also required to clarify the role of serotonergic fiber systems as a source of L-DOPA uptake and conversion that is likely relevant to dyskinesia. In fact, pharmacological agents that target 5-HT1A serotonin autoreceptors blunt the peak-concentration and prolong the half-life of striatal DA (Nomikos et al. 1996; Kannari et al. 2001) , and exert antidyskinetic effects in PD patients (Olanow et al. 2004a; Bara-Jimenez et al. 2005) . Interestingly, serotonin axons show a remarkable capacity for compensatory sprouting after lesions of both homotypic and heterotypic projections (Liu et al. 2003; Maeda et al. 2005) , and exhibit sprouting also in response to activity-dependent production of trophic factors (Liu et al. 2004) . Preliminary evidence suggests that the ascending serotonin pathways may undergo plastic changes in dyskinetic animals, at least in brain cortical regions (Carta et al. 2006) .
Notwithstanding the importance of striatal synapses and genes, our comprehension of the neurochemical derangements at the basis of L-DOPA-induced dyskinesia needs to be advanced on several significant fronts. On one hand, fine abnormalities in DA release versus clearance need to be dissected using in vivo techniques that offer high temporal and spatial resolution (Gerhardt and Burmeister 2000) . On the other hand, it will be important to address the impact of DA dysregulation on the release of fast neurotransmitters within the basal ganglia (i.e. GABA and glutamate). Eventually, all these studies may allow for defining the neurochemical triggers of altered firing patterns and oscillatory activities in the motor loops of the basal ganglia, which have recently emerged as a neural hallmark of dyskinesia in both rodent models (Meissner et al. 2006 ) and PD patients (Alonso et al. 2006) .
Concluding remarks
Over the past 20 years, theories about the mechanisms of L-DOPA-induced dyskinesia appear to have swong from pre-to postsynaptic sites within the nigrostriatal DA system, but an integrated understanding of this phenomenon has remained elusive. The "presynaptic storage hypothesis" provided a first-level explanation as to why the motor response to L-DOPA changed during the progression of PD. However, this theory did not account for, e.g., parallel alterations in the pharmacodynamic profile of DA agonists. In the past decade, the triad of corticostriatal terminals, dopamine receptors and medium-sized spiny neurons was recognized as being pivotal to behavioural and synaptic plasticity in the basal ganglia (for review see Hyman and Malenka 2001; Gerdeman et al. 2003b ). Accordingly, a large body of experimental studies in animal models of PD focused on striatal genes and synapses as the primary locus of aberrant plasticity in L-DOPA-induced dyskinesia. Some recent studies, both clinical and experimental, have brought presynaptic factors back into the limelight, suggesting that L-DOPA-induced plasticity may also involve mechanisms of L-DOPA transport, uptake and conversion in the brain. These unexpected findings highlight the need to explore novel paths of investigation, in quest of a comprehensive pathophysiological explanation for the adverse effects of L-DOPA pharmacotherapy in PD. .   Fig 1. Schematic reconstruction of the changes in the dyskinesia-threshold dose of L-DOPA that follow an acute nigrostriatal lesion and chronic treatment with L-DOPA in rodents. After a severe dopaminergic lesion there is a rapid and dramatic reduction in the dose required to elicit dyskinesia with acute L-DOPA treatment (Lundblad et al. 2004) . Chronic L-DOPA treatment further lowers the dyskinesia-threshold dose over time (hypothetic curve based on unpublished observations from Lundblad and Cenci). 
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